Abstract Homeostasis of the gastrointestinal epithelium is dependent upon a balance between cell proliferation and apoptosis. Cyclin-dependent kinases (Cdks) are well known for their role in cell proliferation. Previous studies from our group have shown that polyamine-depletion of intestinal epithelial cells (IEC-6) decreases cyclin-dependent kinase 2 (Cdk2) activity, increases p53 and p21Cip1 protein levels, induces G1 arrest, and protects cells from camptothecin (CPT)-induced apoptosis. Although emerging evidence suggests that members of the Cdk family are involved in the regulation of apoptosis, their roles directing apoptosis of IEC-6 cells are not known. In this study, we report that inhibition of Cdk1, 2, and 9 (with the broad range Cdk inhibitor, AZD5438) in proliferating IEC-6 cells triggered DNA damage, activated p53 signaling, inhibited proliferation, and induced apoptosis. By contrast, inhibition of Cdk2 (with NU6140) increased p53 protein and activity, inhibited proliferation, but had no effect on apoptosis. Notably, AZD5438 sensitized, whereas, NU6140 rescued proliferating IEC-6 cells from CPT-induced apoptosis. However, in colon carcinoma (Caco-2) cells with mutant p53, treatment with either AZD5438 or NU6140 blocked proliferation, albeit more robustly with AZD5438. Both Cdk inhibitors induced apoptosis in Caco-2 cells in a p53-independent manner. In serum starved quiescent IEC-6 cells, both AZD5438 and NU6140 decreased TNF-a/CPTinduced activation of p53 and, consequently, rescued cells from apoptosis, indicating that sustained Cdk activity is required for apoptosis of quiescent cells. Furthermore, AZD5438 partially reversed the protective effect of polyamine depletion whereas NU6140 had no effect. Together, these results demonstrate that Cdks possess opposing roles in the control of apoptosis in quiescent and proliferating cells. In addition, Cdk inhibitors uncouple proliferation from apoptosis in a p53-dependent manner.
Introduction
The intestinal epithelium has one of the most rapid turnover rates with complete renewal of the epithelial mucosa occurring every 3-8 days [1] . Renewal of the gut epithelium is a complex process and depends on a balance between cell proliferation and apoptosis. Proliferation occurs in undifferentiated stem cells located in the crypts of the small intestine. Enterocytes migrate out of the proliferative zone and undergo cell cycle arrest, differentiation, and maturation along the villus surface. Differentiated enterocytes are subsequently removed by anoikis at the villus tip [2] . Spontaneous apoptosis occurs at the base of the crypt and is responsible for the balance between newly proliferating and exfoliating cells [3] . The identification of cellular signaling mechanisms common to both apoptosis and the cell cycle is important to understanding the regulation of the growth of this tissue.
Cell proliferation is controlled by sequential activation and inactivation of a highly conserved family of cyclindependent serine threonine protein kinases (Cdks). Binding of regulatory proteins, the cyclins, regulates Cdk activities. Transition through both G1/S and S phase require activation of Cdk2 through association with cyclin E and A, respectively [4] . During late G2 and early M, cyclin A complexes with Cdk1. Association of Cdk1 with cyclin B regulates mitosis [5] . Cdk9 controls transcriptional elongation, mRNA processing, and histone modification via association with cyclins K and T [6] . Two separate families of Cdk inhibitory proteins are known to regulate Cdk activities. The INK4 family (comprising of p15, p16, p18, and p19) and Cip/Kip family (including p21 and p27) inactivate Cdkcyclin complexes [7, 8] leading to growth arrest. Activation of Cdks triggers phosphorylation of substrate proteins resulting in changes that favor cell cycle progression. A well-known substrate for activated Cdk complexes is retinoblastoma tumor suppressor (Rb). Cdk9 has been shown specifically to phosphorylate the Rb protein [9] . Hyperphosphorylation of Rb occurs during G1-S transition, and hypophosphorylated Rb prevents DNA synthesis [10] .
The tumor suppressor p53 is an important coordinator of proliferation and apoptotic signals [11] . We previously reported that p53 plays an obligatory role in apoptosis of intestinal epithelial cells (IEC-6) cells induced by DNA damage [12] . Phosphorylation of H2AX is a nuclear marker of various types of DNA damage [13] and several studies have linked H2AX to p53-dependent apoptosis and Cdk-mediated cell cycle arrest [13] [14] [15] .
Cyclin-dependent kinases are master regulators of DNA damage checkpoint and repair pathways [16] . Furthermore, Cdks have putative roles in transcriptional regulation and a controversial role in apoptosis [17] . However, it has not been addressed, whether or not Cdks, traditionally required for gut epithelial proliferation, are also essential for apoptosis. Potential mechanisms related to the regulation of apoptosis by Cdks include numerous upstream and downstream interactions between the Cdk and p53 pathways [14, 15, 18] . In proliferating cells, p53 is a direct downstream kinase substrate for Cdks, including cdc2/cyclin B and Cdk2-cyclin A [19] . In addition, indirect regulation of p53 downstream of Cdk4/6 has been demonstrated via phosphorylation of Rb [20] . Furthermore, p53 is a transcriptional activator of the Cdk inhibitor p21Cip1 [21] , suggesting that p53 can also act as an upstream regulator of Cdks.
Polyamines are biologically active polycations found in all-eukaryotic cells. Growing lines of evidence implicate polyamines in a number of cellular processes required for proliferation and apoptosis of the intestinal epithelium. Extensive studies from our group have examined the roles of polyamines in gastrointestinal mucosal homeostasis in cultured intestinal epithelial cells (IEC-6) [22, 23] . We have consistently shown that inhibition of ornithine decarboxylase (ODC) by a-difluromethylornithine (DFMO) and the subsequent depletion of intracellular polyamines inhibits apoptosis induced by genotoxic stress and DNA damage (i.e. c-radiation and camptothecin) or TNF-a/CHX [12, [23] [24] [25] [26] .
Given the fact that polyamine-depletion decreased Cdk2 activity, increased p53 and p21Cip1 expression [27] , and significantly conferred protection from apoptosis induced by DNA-damage [12, 23] ; we sought to determine the role of Cdks in apoptosis of intestinal epithelial cells. Data presented in this study demonstrate for the first time the relationship between Cdk1/2/9 and key apoptotic regulators including H2AX, p53, p21Cip1, and caspase-3 in the untransformed IEC-6 (expressing wild-type p53) cell line and the p53 mutated colon carcinoma (Caco-2) cell line. Furthermore, our data demonstrate that Cdks play diverse roles in apoptosis of proliferating and quiescent cells.
Materials and methods

Reagents
Disposable cell culture ware was purchased from Corning glass works (Corning, NY) and Zellkulture Flaschen (Europe, Switzerland). Media and other cell culture reagents were obtained from Mediatech, Inc. (Herndon, VA) and Invitrogen (Long Island, NY). Dialyzed fetal bovine serum (dFBS), insulin, and camptothecin were purchased from Sigma (St Louis, MO). Recombinant rat TNF-a was obtained from BD PharMingen International (San Diego, CA). The Enhanced Chemiluminescence (ECL) Western Blot detection system was purchased from Perkin Elmer (Boston, MA). DFMO was a gift from ILEX Oncology TM Inc. (San Antonio, TX). Phospho-p53 Ser15, total-p53, phospho-H2AX Ser139, phospho-Rb Ser 780, total-Rb, and cleaved active caspase-3 (Asp 175) antibodies were purchased from Cell Signaling (Beverly, MA). p21Cip1 antibody was purchased from BD Biosciences (San Diego, CA). AZD5438 (Cdk1, 2, and 9 inhibitor) and NU6140 (Cdk2 inhibitor) were purchased from Calbiochem, EMD Biosciences (La Jolla, CA). The Cell Death Detection ELISA Plus kit and WST-1 cell proliferation kit were purchased from Roche Diagnostics Corp. (Indianapolis, IN) . The IEC-6 cell line (ATCC CRL 1592) and Caco-2 (ATCC HTB-37) were obtained from American Type Culture Collection (Rockville, MD). All chemicals were of the highest purity commercially available.
Cell culture
The IEC-6 cell line was derived from normal rat intestine and was developed and characterized by Quaroni et al. [28] . IEC-6 cells originate from intestinal crypt cells as judged by immunologic criteria. IEC-6 cells are nontumorigenic and retain the undifferentiated character of epithelial stem cells. Cell stocks were maintained in T-150 flasks in a humidified, 37°C incubator in an atmosphere of 10 % CO 2 . The medium consisted of Dulbecco's Modified Eagle Medium (DMEM) with 5 % heat inactivated FBS and 10 lg insulin and 50 lg gentamicin sulfate per ml. The stock flask was passaged weekly, fed 3 times per week, and passages 15-22 were used. To set up experiments, the cells were trypsinized with 0.05 % trypsin and 0.53 mM EDTA and counted by a Beckman Coulter Counter (Model Z1). Experimental set-ups with proliferating IEC-6 cells involved overnight attachment followed by addition of AZD5438 (1 lM), NU6140 (1 lM), and DFMO (5 mM) in serum-containing medium for 72 h. All experimental setups with confluent quiescent IEC-6 cells involved threedays growth in control, 5 mM DFMO or DFMO plus 10 lM putrescine containing Dulbecco's modified Eagle medium (DMEM)/5 % dFBS. Within 6 h of DFMO treatment, putrescine was undetectable and spermidine was absent after 24 h. The cells were fed on day 2 and serum starved with control, DFMO or DFMO plus putrescine containing medium for 24 h (on day 3) to achieve quiescence on day 4. On day 4 only 40 % of bound intracellular spermine was detected [29] . Exogenous putrescine (10 lM) added to DFMO containing medium acted as a control to indicate that all results were due to the depletion of polyamines and not to DFMO itself.
Caco-2 cells were maintained in T-75 flasks in a humidified 37°C incubator in an atmosphere of 5 % CO 2 . Medium consisted of Modified Eagle's medium (MEM) with 10 % heat-inactivated fetal bovine serum and 50 lg gentamicin sulfate per ml. The stock flask was fed every alternate day and passaged weekly. Experimental set-ups with proliferating Caco-2 cells involved 2 days growth in control medium followed by addition of AZD5438 (5 lM), NU6140 (5 lM), and CPT (2 lM) in serum-containing medium for 48 h.
Apoptosis
The quantitative DNA fragmentation assay was carried out using a cell death detection ELISA kit as described earlier [23] [24] [25] [26] . Briefly, floating cells were discarded and the attached cells were washed twice with DPBS. An aliquot of the nuclei-free supernatant was placed in streptavidin-coated wells and incubated with anti-histone-biotin antibody and anti-DNA peroxidase conjugated antibody for 2 h at room temperature. After incubation, the sample was removed and the wells were washed 3 times with incubation buffer. After the final wash was removed, 100 ll of the substrate, 2,2 0 -azino-di [3-ethylbenzthiazolin-sulfonate] , was placed in the wells for 20 min at room temperature. The absorbance was read at 405 nm using a plate reader (Synergy HT; Bio-Tek Instruments, Inc., Winooski, VT). Results were expressed as absorbance at 405 nm/min/mg protein.
Proliferation assay
The Cell Proliferation Reagent WST-1 was used to quantify proliferation rates of IEC-6 and Caco-2 cells. Briefly, both IEC-6 and Caco-2 cells (0.5 9 10 6 cells per well) were seeded in 48-well plates and proliferating cells were treated with AZD5438, NU6140, and CPT in serum containing medium. After treatment, the cells were washed in DMEM without phenol red and L-glutamine. WST-1 reagent was diluted (1:10 final dilution) in DMEM without phenol red and with L-glutamine. 200 ll of diluted tetrazolium WST-1 reagent was added to each well and absorption was measured at 2, 4, and 6 h. Diluted WST-1 reagent was used for background control. Absorbance was read at 440 nm using an ELISA plate reader (Synergy HT; Bio-Tek Instruments, Inc., Winooski, VT).
Western blot analysis
The protocol for western blots has been described earlier [23] [24] [25] [26] . Typically, cell monolayers were first washed with ice cold PBS and lysed for 10 min in ice cold extraction buffer containing 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM Na 2 EDTA, 1 mM EGTA, 1 % Triton-X 100, 2.5 mM sodium pyrophosphate, 1 mM b-glycerophosphate, 1 mM Na 3 VO 4 and a protease inhibitor cocktail. Lysates were centrifuged at 10,000 rpm for 10 min at 4°C followed by SDS-PAGE. Proteins were transferred to Immobilon-P membranes (Millipore Bedford, MA, USA) and probed with the indicated antibodies overnight at 4°C in TBS buffer containing 0.1 % Tween-20 and 5 % non fat dry milk (blotting grade, Biorad). Membranes were subsequently incubated with horseradish peroxidase-conjugated secondary antibodies at room temperature for 1 h and the immunocomplexes were visualized by the ECL detection system (PerkinElmer).
Statistical analysis
All data are expressed as mean ± SE. Experiments were repeated 3 times, with triplicate samples for each.
Representative Western blots from three experiments are shown. ANOVA and appropriate post hoc testing determined the significance of the differences between means. Values of P \ 0.05 were regarded as significant.
Results
AZD5438 and NU6140 inhibit proliferation of IEC-6 cells
We first investigated the time-dependent effect of treatment with Cdk inhibitors on the growth of IEC-6 cells. Figure 1a shows morphological changes in IEC-6 cells treated with DMSO, broad range Cdk1, 2, and 9 inhibitor (AZD5438), and Cdk2 inhibitor (NU6140) during proliferation. The most conspicuous changes observed in AZD5438-treated cells included cell shrinkage, increased brightness, and detachment from the substratum. These changes became visible after 72 h of AZD5438 treatment but were absent in control cells treated with DMSO, suggesting that cells treated with AZD5438 died by apoptosis. By contrast, cells treated with NU6140 for 72 h were binucleated and enlarged, indicating failure of cytokinesis and decreased rate of proliferation (Fig. 1a) . In order to quantitate proliferation in the presence of Cdk inhibitors, we used the WST-1 colorimetric assay. A time-dependent increase in IEC-6 proliferation was observed in control cells treated with DMSO (Fig. 1b) . 1 lM AZD5438 prevented proliferation after 24 h of treatment. In addition, treatment with AZD5438 (until 72 h) significantly reduced proliferation by more than 50 %. Since reduction of WST-1 reagent to Fig. 1 formazan requires the presence of viable cells with functional mitochondria, these results suggest that the antiproliferative effect of AZD5438 may be partly due to its ability to induce cell death. Treatment of IEC-6 cells with 1 lM NU6140 decreased proliferation at 24 h, which continued as long as cells were exposed to the drug (Fig. 1b) , suggesting that inhibition of Cdk2 decreased proliferation without causing apoptosis.
Induction of DNA damage and apoptosis by inhibition of multiple Cdks in proliferating cells
To assess the functional consequences of Cdk inhibition in proliferating cells, we determined the impact of Cdk inhibition on H2AX activity. Cdk1, 2, and 9 inhibition by AZD increased the Ser139-phosphorylated form of H2AX suggesting a DNA damage response (Fig. 2a) . Phosphorylation of H2AX is required for p53/p21-dependent cell cycle arrest after replication stalling [13] . As expected, levels of phosphorylated p53 and total p53 were markedly higher in AZD5438-treated cells with concomitant increases in p21Cip1 protein (Fig. 2a) . Cdk1 protein levels were mostly unaffected by AZD5438 and NU6140, indicating that these inhibitors block Cdk activity without changing protein expression. Increased p53 activation in response to AZD5438 led to caspase-3 activation and caused DNA fragmentation (Fig. 2b) . Similar to the effect of AZD5438, NU6140 increased p53 protein and its phosphorylation with a concomitant upregulation of its downstream target, p21Cip1 (Fig. 2a) . However, levels of p21Cip1 were higher in cells treated with NU6140 compared to AZD5438-treated cells (Fig. 2a) . Interestingly, NU6140 failed to induce H2AX phosphorylation and, consequently, had no effect on caspase-3 activation (Fig. 2a ) and DNA fragmentation (Fig. 2b) . These results suggest that specific inhibition of Cdk2 promotes p53/p21 signaling-dependent cell cycle arrest without causing apoptosis. Conversely, the primary response of IEC-6 cells to AZD5438 is the concomitant occurrence of growth arrest, DNA damage, and apoptosis.
Effect of AZD5438 and NU6140 in colon carcinoma cells
Uncontrolled proliferation and aberrations in the Cdk-p53 pathway are common in human cancers [30] . Given that Cdk inhibitors block proliferation and induce apoptosis in IEC-6 cells, which correlate with the activation of p53-mediated pathways (Figs. 1 and 2), we determined the effect of these inhibitors in p53 deficient Caco-2 cells. Results in Fig. 3a demonstrate that Caco-2 cells grown in the presence of DMSO exhibited normal polygonal cell a IEC-6 cells were allowed to proliferate for 72 h in the presence of DMSO, 1 lM AZD5438, and 1 lM NU6140. Cell lysates were analyzed by western blot for phospho-H2AX Ser139, phospho-p53 Ser15, Cdk1, total-p53, p21Cip1, and active caspase-3 using specific antibodies. Actin was used as an internal loading control. b DNA fragmentation was measured by ELISA as described in methods (mean ± SE, n = 3). *Significantly different compared to cells grown in the presence of DMSO (P \ 0.05) morphology with broad contours. Proliferating Caco-2 cells exposed to AZD5438 for 48 h underwent morphological changes including cell rounding and increased brightness. The appearance of bright rounded cells accompanied by cytosolic vacuolization increased in cells treated with NU6140 for 48 h (Fig. 3a) . Camptothecin (CPT) treatment during proliferation showed loss of cellcell contact and detachment of cells from the substratum. Since altered phenotypes are often associated with reduced growth rates, we studied the effect of AZD5438 and NU6140 on the proliferation of Caco-2 cells. DMSOtreated control cells continued proliferating in a timedependent manner (Fig. 3b) , as judged by WST-1 assay. We observed that exposure of Caco-2 cells to 5 lM AZD5438 or NU6140 for 24 h resulted in reduced proliferation. Similarly, treatment of Caco-2 cells with 2 lM CPT decreased proliferation at 24 h. Caco-2 cells proliferated at a lower rate when treated with NU6140 for 48 h. However, AZD5438 treatment for 48 h completely blocked growth of Caco-2 cells. Similarly, cell numbers were significantly reduced after 48 h of CPT treatment (Fig. 3b) .
Western blot analysis of the AZD5438, NU6140, and CPT treated samples showed that both AZD5438 and NU6140 decreased Cdk1 expression, whereas CPT had no effect. Caco-2 cells did not express p53 and p21Cip1 proteins in DMSO treated cells (Fig. 3c) , confirming previous observations [31] . In addition, p53 expression did not change in response to AZD5438, NU6140, and CPT treatment in Caco-2 cells. However, treatment of proliferating Caco-2 cells with CPT increased p21Cip1 expression and H2AX phosphorylation at Ser139 suggesting that CPT is capable of inducing a DNA damage response in cells Fig. 3 Cdk inhibitors regulate proliferation in p53-deficient Caco-2 cells. a Caco-2 cells were trypsinized and equal numbers of cells were seeded in serum-containing medium. Two days later, attached cells were treated with DMSO, 5 lM AZD5438, and 5 lM NU6140 in serum-containing medium and cells were allowed to proliferate for 48 h. Phase-contrast microscopy was used to visualize changes in cell morphology. b Proliferating Caco-2 cells were treated with DMSO, 5 lM AZD5438, 5 lM NU6140 and 2 lM CPT in serum-containing medium for the indicated time periods. Cell proliferation was measured by WST-1 assay as described in methods. Values expressed are mean ± SE, n = 3. *Significantly different compared to cells grown in the presence of DMSO at indicated time periods (P \ 0.05). c Caco-2 cell lysates were analyzed by western blot for Cdk1, phospho-H2AX Ser139, phospho-Rb Ser780, total-p53, p21Cip1, and total-Rb using specific antibodies. Actin was used as an internal loading control lacking p53. Interestingly, both AZD5438 and NU6140 partially decreased H2AX phosphorylation suggesting that Cdk inhibition fails to trigger DNA damage in cells lacking functional p53. Since Rb is a Cdk substrate, we monitored the effectiveness of these inhibitors by measuring Rb phosphorylation. Decreased retinoblastoma phosphorylation (p-Rb) at Ser780 in response to AZD5438 and NU6140 confirmed the complete inhibition of Cdks. Unphosphorylated total Rb (lower band) increased in cells treated with AZD5438 and NU6140 (Fig. 3c) , indicating inhibition of cell cycle progression. Furthermore, levels of phosphorylated Rb were found to be partially lower in CPT treated cells without a concomitant increase in unphosphorylated Rb, indicating that CPT-induced DNA damage occurred concurrent with inhibition of Cdks.
Since Cdk inhibitors and CPT decreased Caco-2 proliferation and induced morphological changes characteristic of the apoptotic process, we investigated caspase-3 activation and DNA fragmentation in these samples. Both AZD5438 and NU6140 failed to activate caspase-3 at 24 h as judged by the lack of active fragments (Fig. 4a) .
AZD5438 had no effect on caspase-3 activation (Fig. 4a ) but significantly increased DNA fragmentation at 48 h with respect to DMSO-treated cells (Fig. 4b) indicating that AZD5438-induced cell death is caspase-3 independent. CPT partially increased caspase-3 activation at 24 h. However, CPT robustly increased the appearance of caspase-3 fragments after 48 h (Fig. 4a) and significantly increased DNA fragmentation, indicating cell death (Fig. 4b) . NU6140 increased the expression of active caspase-3 and DNA fragmentation at 48 h. However, DNA fragmentation in response to NU6140 was lower than the response of AZD5438 (Fig. 4b) . Furthermore, the caspase-3 fragment in response to NU6140 had a higher electromobility compared to cells treated with CPT, indicating incomplete proteolytic processing of caspase-3. Interestingly, extent of DNA fragmentation in AZD5438 and NU6140 treated cells was significantly lower compared to cells treated with CPT. These results demonstrate that CPT is a potent inducer of apoptosis compared to Cdk inhibitors in proliferating Caco-2 cells.
Cdks differentially regulate CPT-induced apoptosis in proliferating cells
Consistent with data presented in Fig. 2a AZD5438 increased p53, p21Cip1 with simultaneous increases in phosphorylation of p53 and H2AX (Fig. 5a) . Activation of p53 signaling in response to AZD5438 correlated with caspase-3 activation (Fig. 5a ) and DNA fragmentation (Fig. 5b) . Similar to the effect of AZD5438, NU6140 increased p53, p21Cip1, and p53 phosphorylation, but had no effect on H2AX phosphorylation. Our earlier data showed that polyamine depletion by DFMO conferred protection from various inducers of apoptosis [12] . We also reported that polyamine depletion decreased Cdk2 activity and induced cell cycle arrest [27] . Thus, we predicted that treatment of proliferating cells with DFMO would inhibit Cdk2 activity in a manner comparable to the inhibition conferred by NU6140. DFMO failed to increase p53 phosphorylation at Ser15, which is consistent with previous observations [12] . Furthermore, treatment of proliferating cells with DFMO marginally increased p21Cip1 without any effect on p53 expression. Both NU6140 and DFMO had no effect on caspase-3 activation.
We have reported earlier that activation of p53 is central during CPT-induced apoptosis in quiescent serum-starved cells [12] . We treated cells overnight with 2 lM CPT in the presence of serum. CPT robustly increased H2AX and p53 phosphorylation, which was accompanied by significant increases of p53 and p21Cip1 protein (Fig. 5a) . Activation of p53 signaling in response to CPT led to caspase-3 activation and significantly increased DNA fragmentation (Fig. 5b) . In addition, inhibition of Cdk1, 2, and 9 during proliferation (AZD5438) significantly augmented CPTinduced DNA fragmentation (Fig. 5b) , but had no effect on CPT-induced total p53, phospho-p53, and p21Cip1 levels. Since AZD5438 treated cells contained high levels of phosphorylated H2AX (Fig. 5a ), CPT failed to further increase H2AX phosphorylation. Interestingly, higher levels of phospho-p53 and total-p53 were observed in AZD5438?CPT treated cells compared to AZD5438 alone (Fig. 5a) . Although AZD5438 potentiated CPT-induced apoptosis, levels of active caspase-3 did not change, indicating extensive proteolytic processing and degradation of active caspase-3. Treatment of proliferating cells with Cdk2 inhibitor (NU6140) completely blocked CPT-mediated H2AX phosphorylation and partially decreased p53 expression and its phosphorylation (Fig. 5a ). These results indicate that CPT-induced H2AX phosphorylation is predominantly dependent on Cdk2 activity. NU6140 failed to block CPT-induced p21Cip1 expression indicating the involvement of additional signal transduction pathways in regulating CPT-induced p21Cip1 expression. Furthermore, NU6140 significantly decreased CPT-induced caspase-3 activation and DNA fragmentation, suggesting that inhibition of Cdk2 confers protection from DNA damageinduced apoptosis, and p53 activation does not always correlate with the apoptotic index. Similar to the effect of NU6140, DFMO partially decreased CPT-induced p53 and p21Cip1 protein levels and simultaneously reduced CPTinduced p53 and H2AX phosphorylation. Consequently, DFMO significantly decreased CPT-induced caspase-3 activation (Fig. 5a ) and DNA fragmentation (Fig. 5b) , further confirming the pro-apoptotic role of Cdk2.
Combined inhibition of Cdk1/Cdk2/Cdk9 sensitizes polyamine-depleted cells to apoptosis Data presented earlier show that inhibition of Cdk2 activity alone (using NU6140) inhibits proliferation without causing cell death ( Figs. 1 and 2) . Conversely, concomitant inhibition of Cdk1, Cdk9, and Cdk2 activities (using AZD5438) significantly blocks proliferation and concomitantly induces caspase-3-dependent apoptosis (Fig. 2) . In control cells, addition of AZD5438 during proliferation increased levels of active caspase-3 ( Fig. 6a ) and DNA fragmentation (Fig. 6b) , which is consistent with earlier observations presented in Fig. 2 . Polyamine depletion decreased Cdk2 activity [27] and conferred resistance to apoptosis in IEC-6 cells [24] [25] [26] , and both NU6140 and DFMO inhibited apoptosis in response to CPT (Fig. 5b) .
To determine the effect of Cdk1, Cdk9, and Cdk2 inhibition in polyamine-depleted cells, we seeded cells in DFMO containing medium followed by the addition of AZD5478 and equal numbers were seeded in serum containing medium. The cells were allowed to attach overnight. Attached cells were treated with DMSO, 1 lM AZD5438, 1 lM NU6140, and 5 mM DFMO in the presence of serum. Cells were incubated with these inhibitors for 48 h in serum containing medium followed by treatment with or without 2 lM CPT for 18 h. Cell extracts were analyzed to determine the levels of phospho-p53 Ser15, total-p53, p21Cip1, phospho-H2AX Ser139, and active caspase-3 by western blot analysis. Actin was used as an internal loading control. b DNA fragmentation was measured by ELISA as described in methods. Values expressed are mean ± SE, n = 3. *Significantly different compared to cells grown in the presence of DMSO (P \ 0.05), **significantly different compared with cells grown in the presence of DMSO and treated with 2 lM CPT (P \ 0.05) after 24 h. Treatment of proliferating cells with AZD5438 in the presence of DFMO induced caspase-3 activation and DNA fragmentation (Fig. 6b) , indicating that pro-apoptotic effects of AZD5438 were due to inhibition of Cdk1 and Cdk9 in polyamine depleted cells. However, levels of active caspase-3 in cells grown in the presence of DFMO plus AZD5438 were lower than control cells treated with AZD5438, suggesting that DFMO and AZD5438-mediated inhibition of Cdk2 activity partially contributes to protection in cells with decreased activities of Cdk1 and Cdk9. In addition, levels of active caspase-3 and DNA fragmentation in cells grown in the presence of DFMO plus putrescine plus AZD5438 were similar to those of control cells. To further understand the involvement of Cdk2, cells were seeded in control, DFMO, and DFMO plus putrescine containing medium. After 24 h, cells were treated with NU6140 in respective culture medium. NU6140 failed to activate caspase-3 and DNA fragmentation in all three groups (Fig. 6a, b) . Together, these results indicate that Cdk2 is pro-apoptotic and both Cdk1 and Cdk9 are major anti-apoptotic regulators in proliferating cells. AZD5438 reverses the protective effect of DFMO in proliferating cells. a IEC-6 cells were trypsinized from stock flasks and equal numbers were seeded in control, DFMO, and DFMO plus 10 lM putrescine containing medium. Eighteen hours later, the attached cells were treated with 1 lM AZD5438 and 1 lM NU6140 in control, DFMO, and DFMO plus putrescine containing medium. Cells were incubated with these drugs for 72 h. Cell lysates were analyzed for active caspase-3 using specific antibody. Actin was used as an internal loading control. b DNA fragmentation was measured by ELISA. Values expressed are mean ± SE, n = 3. *Significantly different compared to DMSO treated cells (P \ 0.05) Fig. 7 AZD5438 protects non-proliferating IEC-6 cells from both CPT and CPT?TNF-induced apoptosis. a IEC-6 cells were grown to confluence and serum-starved for 24 h. Confluent monolayers were treated with 5 lM AZD5438 for 1 h followed by 20 lM CPT or 20 lM CPT? 10 ng/ml TNF-a for 3 h. Cell lysates were analyzed by western blot for phospho-Rb Ser780, total-pRb, p53, p21Cip1, and caspase-3 using specific antibodies. Actin was used as an internal loading control. b DNA fragmentation was measured by ELISA. Values expressed are mean ± SE, n = 3. *Significantly different compared to untreated (UT) cells (P \ 0.05), **significantly different compared to CPT and CPT?TNF treated groups (P \ 0.05)
Role of Cdks in non-proliferating cells
Cdk activity is blocked in contact-inhibited, serum-starved cells. It has been established that in the absence of proliferative signals, normal cells withdraw from the cell cycle into quiescence [32] . To investigate the consequences of Cdk inhibition in serum starved confluent monolayers, we treated confluent monolayers with AZD5438 for 1 h followed by treatment with either CPT alone or a combination of CPT and TNF-a (CPT?TNF). Activation of Cdks, as determined by phosphorylation of retinoblastoma protein on a Cdk consensus site [33] , occurred after 3 h of CPT treatment with no change in total Rb protein (Fig. 7a) . We next determined whether p53 and Cdks are activated along the same pathway or by independent mechanisms. Both p53 and p21Cip1 protein levels increased in confluent serum-starved cells treated with CPT (Fig. 7a) , which is consistent with earlier observations [12] . Concomitant with the increase in p53 signaling, CPT increased caspase-3 activation (Fig. 7a ) and DNA fragmentation (Fig. 7b) . Treatment of serum-starved confluent cells with 5lM AZD5438 alone had no appreciable effect on p53 and p21Cip1 expression, Rb phosphorylation, and caspase-3 activation (Fig. 7a) . However, AZD5438 significantly increased basal DNA fragmentation in serum-starved cells, indicating that AZD5438-induced apoptosis in non-proliferating cells is independent of caspase-3. Pre-treatment of cells with AZD5438, decreased CPT-induced Rb phosphorylation, indicating that AZD5438 prevents CPTinduced Cdk activation. Furthermore, AZD5438 prevented CPT-mediated increases in p53 and p21Cip1 protein levels and, consequently, decreased CPT-induced caspase-3 activation and DNA fragmentation (Fig. 7a, b) indicating a pivotal role of Cdks in mediating pro-apoptotic effects of p53 in quiescent cells. In IEC-6 cells, CPT?TNF is a potent inducer of apoptosis [34] . CPT?TNF robustly increased Rb phosphorylation, p53 and p21Cip1 expression, which was accompanied by increased levels of active caspase-3 and DNA fragmentation (Fig. 7b) . Pre-treatment with AZD5438, decreased CPT?TNF-induced Rb phosphorylation and simultaneously decreased p53 and p21Cip1 expression leading to a decrease in caspase-3 activation and DNA fragmentation (Fig. 7a, b) . Taken together, these results indicate that activation of Cdk1, 2, and 9 is essential for both CPT and CPT?TNF-induced apoptosis in non-proliferating cells.
Specific inhibition of Cdk2 rescues various cell types from apoptosis [35] , and our data in Fig. 5 indicate that inhibition of Cdk2 (using NU6140) protects proliferating cells from CPT-induced apoptosis. Therefore, we investigated whether inhibition of Cdk2 activity leads to cytoprotective responses in non-proliferating quiescent cells.
CPT?TNF increased p53 phosphorylation and protein levels with a concomitant increase of p21Cip1 (Fig. 8a ) and DNA fragmentation (Fig. 8b) , which is similar to that of the CPT-treated cells. Pre-treatment of cells with increasing doses of NU6140 (1-10 lM) slightly increased basal DNA fragmentation. Furthermore, NU6140 prevented CPT?TNF-induced phosphorylation of p53 and total p53 expression in a dose-dependent manner (Fig. 8a) . In addition, NU6140 blocked the CPT?TNF-induced Fig. 8 Cdk2 inhibitor NU6140 rescues non-proliferating IEC-6 cells from CPT?TNF-induced apoptosis. a Confluent serum-starved IEC-6 cells were treated with indicated doses of NU6140 for 1 h followed by CPT?TNF-a treatment for 3 h. Cell lysates were analyzed by western blot for phospho-p53 Ser15, total-p53, and p21Cip1 using specific antibodies. Actin was used as a loading control. b DNA fragmentation was measured by ELISA. Values expressed are mean ± SE, n = 3. *Significantly different compared to DMSO treated cells (P \ 0.05), **significantly different compared to CPT?TNF treated group (P \ 0.05) increase in p21Cip1 in a dose-dependent manner, which was accompanied by a significant decrease in DNA fragmentation. These results suggest that inhibition of Cdk2 activity confers protection from CPT?TNF-induced apoptosis, which resembles the effects of polyaminedepletion.
Since inhibition of Cdks in control cells resulted in protection from apoptosis, we determined whether the inhibition of Cdks in polyamine-depleted cells had a similar effect. In control cells, AZD5438 significantly increased basal DNA fragmentation. Treatment of control cells with CPT?TNF increased DNA fragmentation (Fig. 9a) . In control cells treated with CPT?TNF, the inhibition of Cdk1, 2, and 9 (using AZD5438) significantly decreased CPT?TNFinduced DNA fragmentation (Fig. 9a) . In cells grown in the presence of DFMO, the level of apoptosis in response to CPT?TNF was significantly less compared with that seen in control cells, which is consistent with previous observations [12, 34] . In response to AZD5438 alone in polyaminedepleted cells, apoptosis significantly increased. The inhibition of Cdks failed to decrease CPT?TNF-induced apoptosis in polyamine-depleted cells. However, the level of apoptosis in the DFMO group in response to CPT?TNF following AZD5438 treatment was lower compared to control cells treated with AZD5438 and CPT?TNF (Fig. 9a) . Cells grown in the presence of DFMO plus putrescine had responses identical with control cells, indicating that the effects observed in DFMO-treated cells were due to the depletion of polyamines and not due to the effects of DFMO. Since pre-treatment of confluent, serum-starved, cells with 10lM NU6140 significantly blocked CPT?TNF-induced apoptosis (Fig. 8b) , we used 10lM NU6140 to investigate the role of Cdk2 inhibition in polyamine-depleted cells. Similar to previous experimental results (Fig. 8b) , NU6140 increased basal DNA fragmentation in control cells (Fig. 9b) . Furthermore, pre-treatment of control cells with NU6140 significantly decreased CPT?TNF-induced DNA fragmentation (Fig. 9b) . In polyamine-depleted cells, NU6140 did not significantly increase basal DNA fragmentation (Fig. 9b) . Polyamine-depletion significantly protected cells from CPT?TNF-induced apoptosis. In addition, NU6140 had no effect on CPT?TNF-induced DNA fragmentation in polyamine-depleted cells. These results suggest that the pro-apoptotic role of Cdk2 is polyamine-dependent, whereas anti-apoptotic activities of Cdk1 and Cdk9 are polyamine-independent.
Discussion
Apoptosis is required for the regulation of cell number in proliferating tissues. A link between the cell cycle and apoptosis is based on the fact that genes involved in cell cycle progression regulate apoptosis [36] . The key finding of our studies is that Cdks play fundamental roles in proliferation and apoptosis of intestinal epithelial cells. In this study, our data show that inhibition of basal Cdk2 activity in proliferating IEC-6 cells (using NU6140) slows proliferation (Fig. 1b) without inducing H2AX phosphorylation and apoptosis (Fig. 2b) . Our previous evidence demonstrated that polyamine depletion reduced Cdk2 activity, induced cell cycle arrest [27] , and protected IEC-6 cells from apoptosis [22] [23] [24] . Cdk2 orchestrates several cell cycle events in different cell types [37] . Recent studies with animal models have failed to support the concept that Cdks play a pivotal role in driving various phases of the cell cycle. Genetic ablation of Cdk2 does not induce abnormalities in cell proliferation [38] , and Cdk2-null mice are viable [39] . Therefore, Cdks have cell-type specific functions, and compensatory roles exist among different Cdk isoforms, which in turn could play pivotal roles in the regulation of proliferation and apoptosis. In IEC-6 cells, concomitant inhibition of Cdk1, 2, and 9 induced more antiproliferative effects than those induced by Cdk2 individually (Fig. 1b) . Furthermore, sustained inhibition of Cdk1, 2, and 9 for 72 h caused massive DNA damage and apoptosis (Fig. 2) . It has been shown that Cdk inhibition during S phase triggers a checkpoint that includes components of the DNA-damage pathway including H2AX, a molecular sensor for double-stranded breaks [40] . Based on comparing signaling events in proliferating IEC-6 cells treated with different Cdk inhibitors, the major alteration was found to be the phosphorylation of H2AX (Fig. 2a) . Mechanisms through which Cdk1/2/9 inhibition induces H2AX phosphorylation in proliferating IEC-6 cells are unknown, but our studies implicate that irreversible collapse of replication forks and a decreased capacity for replication result in rapid phosphorylation of H2AX. DNA topoisomerase I (camptothecin) and II (Etoposide) inhibitors increased phosphorylation of H2AX via Ataxia-telangiectasia mutated and Rad3-related (ATR) kinase signaling at S and G1-phases of the cell cycle, respectively [41] indicating that H2AX phosphorylation is one of the key players in DNA damage response induced by genotoxic stress. Furthermore, both Cdk1 and Cdk2 phosphorylated checkpoint kinase 1 (Chk1) at Ser286 and Ser301 upon stalled replication forks and DNA damage [42] suggesting that cell cycle-dependent processing of DNA damage is dependent on Cdk kinase activity. Zhu et al. demonstrated that treatment of an ovarian cancer cell line with the Cdk2 inhibitor aminothiazole compound-25 increased biochemical features of DNA damage [43] . By contrast, Cdk2 inhibition failed to induce H2AX phosphorylation in exponentially growing cells suggesting a lack of DNA damage (Fig. 2a) . Phosphorylation of H2AX is dynamic in nature and is finely tuned by serine/threonine phosphatases.
Multiple phosphatases including PP2A, PP4, PP1, and Wip1 have been implicated in negatively regulating H2AX phosphorylation [44] . Furthermore, phosphatases regulate cell cycle progression by removing inhibitory phosphorylations from Cdk1 and Cdk2 [45] . Based on these observations, it is possible to posit that inhibition of Cdk2 during proliferation activates phosphatases, thereby increasing dephosphorylation of H2AX leading to decreased DNA damage.
Cdks are known to regulate p53 function [19] . Therefore, we investigated whether p53 activation cooperates in regulating the apoptotic response triggered by inhibition of multiple Cdks. Our data show that either pharmacologic inhibition of Cdk2 activity alone or inhibition of multiple Cdks is sufficient to induce p53 activation (Fig. 2a) . This is consistent with an earlier observation showing that pharmacologic Cdk inhibitors increased p53-dependent transcription in tumor cells [46] . Based on these observations, we propose that direct regulation of p53 occurs after Cdk inhibition in proliferating gut epithelial cells. The question remains whether p53 activation in proliferating cells treated with different Cdk inhibitors triggers cell cycle arrest or apoptosis. Consistent with the notion of a link between activated p53 and cell cycle arrest, p53 expression and its post-translational modifications dictate cell fate by governing a variety of cellular checkpoints involved in cell cycle arrest, apoptosis, and DNA repair. However, the entire spectrum of p53 actions may be complex and cell type-specific. For instance, p53 has been implicated in both promoting and inhibiting apoptosis in multiple cell types [47, 48] . The enhancement of p53 signaling in cells treated with the pharmacologic Cdk2 inhibitor (NU6140) coincided with p21Cip1 accumulation (Fig. 2a) , suggesting that Cdk2 inhibition leads to cell-cycle perturbation via the p53-mediated induction of p21Cip1, an endogenous Cdk inhibitor protein. Polyamine depletion delayed cell cycle progression by decreasing Cdk2 activity and increasing the levels of p53-dependent p21Cip1 without causing DNA damage in most cell systems studied [49] , suggesting that polyamine depletion mimicked the effects of NU6140. NU6140 completely blocked CPT-induced H2AX phosphorylation, whereas polyamine-depletion had a partial effect (Fig. 5a) . Furthermore, both NU6140 and polyaminedepletion decreased CPT-induced p53 expression and its phosphorylation. Consequently, both NU6140 and CPT rescued cells from CPT-induced apoptosis (Fig. 5b) . These results indicate that either inhibition (via NU6140 treatment) or reduction (via polyamine-depletion) of Cdk2 activity increases the cellular resistance to CPT-induced apoptosis. The increased levels of p21Cip1 in cells treated with NU6140 followed by CPT might be either due to sustained inhibition of Cdk2 or enhanced engagement of the protein in cell-cycle arrest. Co-treatment of proliferating Fig. 9 Role of Cdk inhibitors in polyamine depleted cells. a Confluent serum-starved IEC-6 cells grown in control, DFMO and DFMO plus putrescine (Put) containing medium were pre-treated with 5 lM AZD5438 for 1 h followed by CPT?TNF-a for 3 h. DNA fragmentation was measured by ELISA. Values expressed are mean ± SE, n = 3. *Significantly different compared to untreated (UT) cells (P \ 0.005). b Confluent serum-starved IEC-6 cells grown in control and DFMO containing medium were pre-treated with 10 lM NU6140 for 1 h followed by CPT?TNF-a for 3 h. DNA fragmentation was measured by ELISA. Values expressed are mean±SE, n = 3. *Significantly different compared to untreated (UT) cells (P \ 0.05), **significantly different compared to CPT?TNF treated group (P \ 0.05), #significantly different compared to control cells treated with CPT?TNF (P \ 0.05) cells with NU6140 and DFMO had no effect on apoptosis (Fig. 6b) , indicating that NU6140 and DFMO act in a synergistic manner to prevent cell death. Together, these results unequivocally demonstrate a pro-apoptotic role of Cdk2 and implicate Cdk2 as a master regulator of proliferation via regulation of p53/p21Cip1 signaling.
The multiple effects of Cdk inhibitors upon various members of the Cdk family, may determine the anti-or pro-apoptotic outcome. Chemical inhibitors of Cdks such as roscovitine, purvalanol, and olomoucine block apoptosis in many cell types [50] [51] [52] . Under certain conditions, Cdk inhibitors can also induce apoptosis [53] . Although the precise biological mechanism of these inhibitors is not known, it has been demonstrated that inhibition of Cdk1 and Cdk9 may cause apoptosis [54] . In IEC-6 cells, sustained inhibition of Cdk1, Cdk2, and Cdk9 by AZD5438 for 72 h resulted in p53 activation, accompanied by increased expression of p21Cip1, phosphorylation of H2AX, and activation of caspase-3 (Figs. 2a, 5a ). Since p21Cip1 expression is high in these cells, the assembled cyclin-Cdk1/2/9 complexes are inhibited, which is sufficient to halt cell-cycle progression. As a result, stalled replication induces DNA damage via H2AX phosphorylation. Based on these observations, it is possible to speculate that the critical function of p53 is to prevent proliferation of cells with DNA damage rather than to allow repair to occur. In so doing, p53 uncouples proliferation to the onset of apoptosis in DNA damaged cells. Although AZD5438-treated cells contained higher levels of phosphorylated p53 compared to NU6140, p21Cip1 levels were higher in NU6140 treated cells (Fig. 2a) . Caspase-3 mediated cleavage of p21Cip1 has been established as a requisite for apoptotic cell death in various cell lines [55, 56] . Consistent with these observations, we have demonstrated caspase-3 induced cleavage of p21Cip1 during apoptosis of IEC-6 cells [25] . Therefore, p21Cip1 cleavage by active caspase-3 and its subsequent degradation can explain the observed decrease in p21Cip1 expression in AZD5438-treated cells. Furthermore, accumulation of p21Cip1 is due to lack of caspase-3 activation in NU6140-treated cells.
Pre-treatment of proliferating cells with AZD5438 followed by CPT potentiated DNA fragmentation and cell death (Fig. 5b) . However, AZD5438 did not augment CPTmediated phosphorylation of p53 and H2AX (Fig. 5b) . This could be due the fact that pre-existing DNA damage in cells treated with AZD5438 prevents further potentiation of CPT-induced H2AX phosphorylation and p53 signaling. However, higher levels of phospho-p53 and total-p53 were observed in AZD5438?CPT treated cells compared to AZD5438 alone (Fig. 5a) . Therefore, it is likely that a subset of cells with lower levels of DNA damage (in response to AZD5438 treatment) still respond to CPT showing changes in p53/p21Cip1 signaling. Additionally, CPT is capable of activating multiple upstream kinases including MEK1/2, JNK in AZD5438-treated cells, which in turn leads to the phosphorylation of p53. We have shown earlier that MEK1/2 and JNK contribute to CPT-induced p53 phosphorylation in IEC-6 cells [12] . Several studies have shown that phosphorylation of p53 inhibits its degradation by interfering with the p53-Mdm2 interaction, and, thereby, causes accumulation of the protein [57] . Therefore, CPT-induced p53 phosphorylation contributes to the stabilization and accumulation of the protein without changing H2AX phosphorylation in AZD5438-treated cells. Furthermore, these results clearly reveal that Cdk1/2/9 inhibition in dividing cells can selectively modulate p53 function, leading to cell death. Incubation of proliferating cells with AZD5438 in the presence of DFMO reverses the protective effect of polyamine-depletion (Fig. 6b) probably due to AZD5438-mediated Cdk1/9 inhibition in polyaminedepleted cells (with reduced Cdk2 activity). Furthermore, AZD5438 sensitized serum-starved, quiescent, polyaminedepleted cells to apoptosis (Fig. 9a ). An earlier report showed that polyamine-depletion enhances roscovitineinduced apoptosis in colon cancer cells [58] . Thus, the correlation between sustained inhibition of Cdk1/2/9 and increased apoptosis in polyamine-depleted cells indicates an anti-apoptotic role for both Cdk1 and 9.
One interesting facet of this study is that Cdks play a differential role in serum starved, confluent, IEC-6 cells. Treatment of synchronized, quiescent, monolayers with AZD5438 (Fig. 7b) or NU6140 (Fig. 8b) increased basal DNA fragmentation without affecting the level of active caspase-3, suggesting that basal Cdk activities are essential to survival of cells. CPT?TNF increased p53 and p21Cip1 expression and Rb phosphorylation in confluent, serumstarved, monolayers (Figs. 7a, 8a) . However, both AZD5438 and NU6140 decreased CPT?TNF-induced p53 and p21Cip1 expression, and, consequently, protected cells from CPT?TNF-induced apoptosis (Figs. 7 and 8) . These results indicate that Cdks participate in CPT?TNF-induced apoptosis. Indeed, Knockaert et al. demonstrated that Cdk inhibitors have protective roles in non-proliferating neuronal cells subjected to various chemical insults [53] . The induction of DNA fragmentation by Cdk inhibitors independent of CPT?TNF in non-dividing cells, might explain why these inhibitors could not completely protect cells from CPT?TNF-induced apoptosis (Fig. 9a, b) .
Because Cdk inhibition appears to regulate p53-dependent proliferation and apoptosis in untransformed IEC-6 cells, we further confirmed the consequences of Cdk inhibition in p53-deficient Caco-2 cells. Proliferating Caco-2 cultures treated with CPT for 48 h showed robust activation of caspase-3 (Fig. 4a) , which was accompanied by significant reduction in cell numbers (Fig. 3b) . However, no significant caspase-3 activity was detected in p53-deficient Caco-2 cultures treated with AZD5438 (Fig. 4a ), even at 48 h when death occurred as evidenced by increased levels of DNA fragmentation (Fig. 4b) . These observations suggest that Caco-2 death after AZD5438 treatment in the absence of p53 is caspase-3-independent.
Furthermore, the incomplete processing of active caspase-3 during NU6140 treatment for 48 h indicates that caspase-3 activation requires cooperation between the downstream effectors of p53 and Cdk-mediated pathways. The incomplete processing of caspase-3 is fully consistent with several published reports linking processing of caspase-3 to the induction of apoptosis. Bax deficiency results in incomplete processing of caspase-3 and modulates TRAILinduced apoptosis in cancer cells [59] . We showed earlier that Caco-2 cells lack Bax expression [31] , and this could be a contributing factor for the incomplete processing of caspase-3 in cells treated with NU6140. The incomplete processing of caspase-3 was also shown to be responsible for the partial cleavage of XIAP in HL-derived B cell lines [60] and resistance to TRAIL-induced apoptosis in human neuroblastoma cells [61] .
Intriguingly, AZD5438 significantly blocked proliferation in the absence of p53 (Fig. 3b) . Caco-2 cells proliferated at a lower rate when treated with NU6140. Thus, Cdk inhibitors influence Caco-2 proliferation in a p53-independent manner. In accordance with our findings, Cdk2 inhibitor AT7519 showed anti-proliferative activity in human tumor cell lines that was independent of their p53 status [62] . Furthermore, both AZD5438 and NU6140 equally inhibited Rb phosphorylation in proliferating Caco-2 cells (Fig. 3c) , suggesting that p53 deficiency has no effect on Rb phosphorylation. AZD5438 decreased Cdk1 expression confirming inhibition of Cdk1/2/9-cyclin complexes and their activities. However, NU6140 decreased Cdk1 expression, indicating functional redundancy and possible cross talk between Cdk2 and Cdk1-dependent pathways regulating Caco-2 proliferation. Vesely et al. showed that the Cdk inhibitor olomoucine specifically inhibits Cdk2-cyclinE and Cdk2-cyclinA complexes [63] . Since both Cdk inhibitors decreased Cdk1 expression and concomitantly induced apoptosis in cells lacking p53, it is possible that the binding of the inhibitors to Cdks disrupts the Cdk1-cyclinA complexes. As a consequence, Cdk1 undergoes degradation. p21Cip1 was shown to stabilize interactions between Cdks and cyclins [64] . Caco-2 cells lack p21Cip1 expression (Fig. 3c) . Therefore, one additional possibility is that disruption of Cdk-cyclin complexes (using pharmacologic Cdk inhibitors) in cells lacking p21Cip1 expression permits destabilization and degradation of Cdk1. CPT robustly increased apoptosis but failed to decrease Cdk1 expression in Caco-2 cells, clearly suggesting that CPT is not capable of disrupting the Cdk1-cyclin regulatory complex.
Exposure of dividing Caco-2 cells to AZD5438 failed to increase H2AX phosphorylation (Fig. 3c) , indicating that p53 is necessary for the induction of DNA damage. Conversely, NU6140 decreased H2AX phosphorylation (Fig. 3c) suggesting that inhibition of Cdk2 fails to trigger DNA damage regardless of p53 status. Interestingly, CPT Fig. 10 Schematic showing the mechanisms of Cdks involved in apoptosis. Proliferating cells: Inhibition of Cdk1, Cdk2, and Cdk9 activities (using AZD5438) in proliferating IEC-6 cells triggers p53 phosphorylation and its accumulation. Activated p53 increases p21Cip1 protein, which in turn causes growth arrest. Furthermore, in response to AZD5438, DNA replication fork stalling leads to irreversible DNA damage characterized by increased phosphorylation of histone H2AX at Ser139. AZD5438 failed to induce H2AX phosphorylation in p53 deficient Caco-2 cells suggesting that p53 is necessary for the induction of DNA damage. H2AX phosphorylation coupled with p53 activation induces apoptosis evidenced by increased levels of DNA fragmentation and caspase-3 activation. Campothecin (CPT)-induced DNA damage leads to H2AX phosphorylation Ser139 and p53 activation in proliferating IEC-6 cells. CPT-induced activation of p53 leads to growth arrest (via p21Cip1 expression) and apoptosis. Pre-treatment of cells with AZD5438 potentiated CPTinduced apoptosis. Conversely, selective inhibition of Cdk2 (using NU6140) during proliferation failed to induce DNA damage and H2AX phosphorylation, and, consequently, blocked caspase-3 activation and apoptosis (perpendicular). Notably, Cdk2 inhibition increased p53/p21 signaling, which led to growth arrest. Inhibition of Cdk2 activity blocked CPT-induced H2AX phosphorylation in proliferating cells and increased the cellular resistance to apoptosis. Quiescent cells: Pre-treatment of serum-starved quiescent cells with either AZD5438 or NU6140 decreased CPT?TNF-induced p53 activation, p21Cip1 expression, and protected cells from apoptosis increased H2AX phosphorylation, p21Cip1 expression, and partially decreased Rb phosphorylation in dividing Caco-2 cells (Fig. 3c) , suggesting that Caco-2 cells possess an intact apoptotic pathway and that either p73 or E2F1 could regulate CPT-induced H2AX phosphorylation, p21Cip1 expression, and apoptosis in these cells. We showed earlier that p73 and E2F1-mediated expression of PUMA and Siva-1 induces apoptosis in p53-deficient Caco-2 cells [31] . Thus, we reasoned that modulation of p73 signaling using CPT might induce apoptosis without altering Cdk activities in Caco-2 cells.
In conclusion, the results presented show that Cdks differentially modulate apoptosis in proliferating versus quiescent cells (Fig. 10) . Therefore, Cdk activities could have important implications in the control of intestinal epithelial homeostasis. Inhibition of Cdk2 protects both proliferating and quiescent cells from CPT-induced apoptosis, confirming that Cdk2 predominantly acts as a proapoptotic protein. Furthermore, polyamines regulate IEC-6 survival at least in part by repressing Cdk2 activity. By contrast, Cdk1 and Cdk9 activities appear to be polyamineindependent. However, both Cdk1 and Cdk9 play opposing roles in the regulation of apoptosis. Concomitant inhibition of Cdk1, 2, and 9 activities in proliferating cells triggers DNA damage and p53-dependent apoptosis (Fig. 10) . Conversely, inhibition of Cdk1/2/9 in quiescent cells decreases CPT-induced p53 activation and protects cells from apoptosis. In addition, our data show that Cdk inhibitors are capable of blocking proliferation and inducing apoptosis in p53-deficient Caco-2 cells. Thus, our study underlines the therapeutic potential of Cdk inhibitors in colon carcinoma.
